Abstract Porous silicon (PSi) was formed by electrochemical anodization and was oxidized before silanization and immersion in colloidal gold nanoparticles (GNP) (5 nm size) solution. The oxidized PSi (OPSi) coated with nanoparticles was used as surface enhanced Raman scattering (SERS) substrate, where bovine serum albumin (BSA) was used as a target molecule. Also, rhodamine 6G (R6G) dyes were used to confirm the SERS efficiency. Firstly, the bio-conjugation between protein and GNP was investigated by localized surface plasmon resonance spectroscopy. Then a comparative SERS study from silanized and unsilanized OPSi was performed and showed a good vibrational BSA bands resolution with the unsilanized one. The silanized surface did not show any improvement on the SERS enhancement of the BSA due to the interferences between the vibrational modes of 3-aminopropyltriethoxysilane and BSA. Furthermore, we have investigated the BSA solution pH effect on the SERS results in the case of unsilanized OPSi surface. The results prove the efficiency of the SERS substrate at pH 4.9, corresponding to BSA iso-electric point. A detection limit of about 10 -8 M was obtained for both BSA and R6G molecules.
Introduction
Optical biosensor research based on surface enhanced Raman scattering (SERS) effect has attracted a great attention. It has been demonstrated that SERS can provide scattering cross sections with several orders of magnitude higher than normal Raman spectroscopy [1] . As a result, ultra low concentration even at the scale of a single molecule was detected [2, 3] . Raman amplification can be explained in terms of electromagnetic [4] and chemical enhancement [5] . The first effect involves the excitation of surface plasmon (or localized surface plasmon (LSP)) at or close to resonance. While, the second effect was explained by a charge transfer between the metal surface and the adsorbed probe. Based on the excitation of the LSP, SERS has become an effective tool to analyze molecules. The metallic nanoparticles LSP frequency depends on the particle type (Au, Ag, Cu…), size, shape [6, 7] and as well as the refractive index of their surrounding medium, which in turn could have an influence on the SERS results [8] .
Conventional SERS substrates have been often fabricated by depositing metallic nanoparticles on a planar surface [9] [10] [11] [12] . Porous material based substrates could be interesting regarding their peculiar properties such as the large specific surface and the opened structure with pore size selective molecules filtering. Furthermore, porous silicon (PSi) based structures are promising for sensor application. This material was used as an efficient SERS template for various molecules detection like peptide, benzenethiol, organic molecules for different metals type [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Several parameters were studied such as porosity and thickness of the porous layer, metal nature, dipping time in the probe solution and the wavelength excitation to get the maximum of the SERS intensity [13] [14] [15] [16] [17] [18] . It was reported that for PSi formed from p ? type Si, the best SERS result was obtained for high porosity, [19] while for n-type Si the opposite result was obtained [13] . This difference could be attributed to the difference in PSi morphology.
It was also reported that the metal deposition rate is related to the PSi formed from n or p type Si, which influences the detection limit value [23, 24] . However and up to now, the number of publications interested on bio-molecules detection based on SERS PSi is still limited. In fact, PSi was used as a SERS substrate for some bio-molecules like horseradish peroxidase (HRP) and peptide. Giorgis et al. [14] have showed a detectable concentration of HRP as low as 10 -8 M. Specific complex peptide-antibody detection was performed by Virga et al. [25] which have also demonstrated a better SERS result using silver nanoparticles than silver thin film.
Furthermore, we have to mention, that surface functionalization process is interesting for some target molecules and for the metal deposition step, specifically in the case of colloidal metallic nanoparticles [14, 18, 26] . However, it was reported that SERS of bovine serum albumin (BSA) on porous or planar substrates does not show an obvious amplification of the vibrational modes intensities [9, 27] . Indeed, David et al. [9] have demonstrated that optimizing the size (170 nm) and the shape of the lithographed gold nanocylinders lead to a SERS spectrum of BSA at low concentration (10 -4 M). In this work, we report a fabrication of a SERS-active substrate obtained by immersion of oxidized porous silicon (OPSi) in a small size (5 nm) colloidal gold nanoparticles (GNP) solution for the detection of BSA proteins and R6G molecules. Firstly, we have investigated the direct interaction between GNP and BSA to verify the bio-conjugation and to adjust the Raman excitation wavelength to the LSP band. Then, SERS results of BSA proteins from two types of OPSi surfaces (silanized and unsilanized) were compared. In this case, the effect of the surface functionalization on the SERS efficiency was discussed. We have also studied the BSA solution pH effect on the SERS response. The SERS substrate activity for BSA and R6G was obtained for concentrations as low as 10 -8 M.
Experimental

Preparation of functionalized oxidized porous silicon samples
PSi samples were first elaborated by electrochemical anodization at room temperature and in the darkness of a highly P doped (100)-oriented silicon wafer having a resistivity of 3-7 mX cm. The PSi was prepared by using a 20 % aqueous-alcoholic hydrofluoric acid solution (1:2:2). The current density and the anodization time were 80 mA/ cm 2 and 90 s respectively. After that, the PSi layers were oxidized for 1 hour in wet oxygen at 950°C to stabilize the surface [28] [29] [30] and also as a prerequisite step for the chemical functionalization [31, 32] . By fitting the optical reflectivity data, we have obtained an estimated porosity of about 35 %. The OPSi layer thickness was equal to 4.8 lm and the pore diameter was of around 30 nm (determined by scanning electron microscopy).
OPSi surface could be activated by different silanization molecules (based on silanol groups) showing functional terminated groups (thiol, carboxyl, amines…). In our case, we have utilized 3-aminopropyltriethoxysilane (APTES) molecules. APTES molecules presented several functional amine terminals, which can enhance the GNP adsorption on the surface by electrostatic forces. Firstly, the OPSi samples were immersed in a 2 % hydro-alcoholic APTES solution (methanol-deionised water (v/v)) for 20 min. After rinsing with deionised water (18 MX) and drying under nitrogen flux (N 2 ), the samples were heated at 100°C in air to remove the solvent traces from the pores. Also and for comparison, some samples without silanization were used in this work.
Fabrication of the SERS-active substrate
The spherical GNP deposition was carried out by the immersion of the silanized and unsilanized OPSi surfaces in a colloidal solution of a mono-disperse GNP (5 nm size) for 3 h. The small size of GNP could promote their infiltration inside the pores. The samples were then rinsed with deionised water (18 MX) and dried with N 2 . Finally, the samples were incubated at 80°C for 30 min to remove the solvent traces from the pores.
In this study, elaborated samples were incubated in an aqueous solution (for different pH) of a BSA protein, for 2 days at room temperature. BSA is a protein with a 66.4 kDa molecular weight and it contains 583 amino acids.
In addition, GNP coated OPSi surfaces were immersed in an aqueous rhodamine 6G (R6G) solution for 20 min.
GNP colloidal solution, APTES, R6G and BSA were purchased from Sigma Aldrich and used without further purification.
Instrumentation
UV-Vis-NIR absorption spectra were recorded using a Perkin Elmer spectrophotometer lambda 900. The optical system is equipped with a deuterium lamp and a monochromator (wavelength range 200-2,000 nm). The system resolution is of about 1 nm. The AFM scanner (Digital Instruments Nanoscope) was mounted on the sample stage and imaged in tapping mode. The Raman scattering measurements were performed at room temperature on a micro-Raman system HORIBA Jobin-Yvon (LabRAM HR800). The BSA measurements were carried out using an Argon laser excitation 488 nm with a power at the sample surface equal to 47 mW. The excitation was chosen as the closest one to the 5 nm-GNP LSP band. The experiments with R6G were carried out using an He-Ne laser excitation 632.8 nm with a power at the surface \1 mW. This wavelength is more suitable for the study of R6G to avoid its fluorescence. The spectrometer resolution is equal to 1 cm -1 . A CCD camera was used to record Raman spectra. Data were collected with an integration time of a few tens of seconds and the intensities were calculated with the unit of counts per second (cps). All Raman and SERS spectra presented in this paper were averaged from five locations on each sample. Some of the Raman spectra were smoothed and we have done the base line.
Results and discussion
In Fig. 1 we report the absorption spectra of the various solutions of colloidal GNP and GNP-BSA conjugate. The GNP's Plasmon band is localized at 523 nm which is related to the collective free electron oscillation on the surface of the GNP (localized surface plasmon resonance: LSPR). The BSA's absorption band is located at 279 nm. After adding BSA molecules to GNP, we notice a red shift of dk 1 = 4 nm and a decrease of the integrated intensity of the LSPR band. Such modification could be related to a change of the refractive index of the surrounding medium of the GNP and/or molecular interactions. In addition, the BSA absorption band showed a blue shift of dk 2 = 3 nm which is an evidence of some GNP-BSA bio-conjugation. It is known that the BSA conformation and its net charge depend on pH value. The pH modification could influence the absorption band position and the interaction types with GNP [33] . In our case, no changes of the LSP frequency were observed for three pH BSA solutions (3.3, 4.9 and 6.9). This result is not consistent with the fact that we should observe a significant shift in the case where the BSA charge is suitable for electrostatic interaction with GNP.
In Fig. 2 , we present the topographic AFM images of OPSi, after GNP deposition (GNP-OPSi) and after BSA grafting (BSA-GNP-OPSi). The AFM image, in Fig. 2b , reveals a small surface roughness variation of the OPSi after GNP deposition. This is probably due to a very low GNP concentration (5.5 9 10
13 mL -1 ) in the colloidal solution. After grafting BSA (Fig. 2c) , the AFM image did not show an obvious change of the surface roughness. However, we noticed the presence of some agglomeration on the surface (the regions surrounded with dashed circles), which could be attributed to the residual BSA molecules after rinsing.
Raman and SERS measurements were performed on such silanized OPSi substrate as well as on unsilanized one, for comparison. Silanization step was supposed to give a homogeneous distribution of GNP [34] . Since GNP were assumed to be attached on the silanized surface via electrostatic bonds with the amines terminals of APTES molecules. However, the effect of the functionalization process depends on the metal deposition way and the substrate type (glass, porous materiel, rough substrate…). Figure 3 shows the Raman and SERS spectra of BSA at 10 -6 M concentration in the case of silanized substrate. In Fig. 3a , Raman spectrum of BSA shows the appearance of some vibrational modes, e.g., the amide I which is located at 1,660 cm -1 [35] . However, this result was hardly obtained from some regions, which we have attributed to a low adsorbed BSA and/or a strong homogeneity of the adsorbed molecules. The large band between 1,400-1,500 cm -1 could correspond to the contribution of the m(CH 2 ) def (1,450 cm -1 ) and m(C-N) (1,412 cm -1 ) modes assigned to either BSA and APTES molecules [31] . However, after BSA grafting, the intensity of these bands decreased drastically. We assumed that after rinsing, BSA molecules not linked to APTES molecules were almost removed. Thus, this intensities decrease, can be an indication of the BSA molecules attachment strength.
In Fig. 3b , c we report the SERS spectra before and after BSA grafting. Compared to the spectrum discussed above, the main vibrational modes intensities are clearly amplified. After GNP deposition, this amplification corresponds to the APTES modes and is attributed to a GNP LSPR effect. Also, we observe an increase of the vibrational modes intensities located at 1,450 and 1,350 cm To quantify this result, we have calculated the integrated intensity for the 1,450 cm -1 mode from SERS (after subtraction of the signal at GNP step) and Raman spectra. Thanks to the contribution of the GNP, the integrated intensity of m(CH 2 ) mode of the BSA is amplified 2 times.
A silanized substrate permits us to obtain a good homogeneity of SERS results but without a good resolution of BSA's specific bands (for instance amide I). BSA modes are located in quite the same frequency region than those of APTES. Thus, it is very difficult to distinguish the vibrational modes of BSA and APTES molecules. To avoid this, one can look for a well adapted functionalized process for instance by choosing a silanization molecule having a different signature than that of BSA protein. This manner could be a rather complicated process. So, we have chosen an unsilanized substrate and GNP were directly deposited on the OPSi substrate. In this case, we can suspect a weak interaction between GNP and hydroxyls terminals of the OPSi substrate surface. Figure 4a , b show Raman and SERS spectra of BSA at 10 -6 M concentration at a pH 6.9 in the range of 1,100-1800 cm -1 and 2,600-3200 cm -1 , respectively. SERS spectra show clearly the BSA signature, through the vibrational modes corresponding to amide II (1,550 cm -1 ), amide I (1,660 cm -1 ), -C=O (1,730 cm -1 ) and C-H stretching mode (in the range of 2,800-3,030 cm -1 ) [36] , while Raman spectra show a weak signal of BSA molecules in 2,800-3,030 cm -1 and no detectable signal of BSA in the range 1,100-1800 cm -1 . This result proves the efficiency of the SERS substrate based on OPSi to obtain a high sensitivity detection of BSA protein for a pH 6. 9 .
In order to analyze the degree of grafting of the BSA molecules in the pores of the OPSi, we followed the evolution of the C-H mode of BSA, deduced from the Raman spectra recorded in volume. Figure 5 shows SERS spectra of BSA protein at different depths on the cross section of the OPSi. The in-depth Raman measurements shows an enhancement of the signal of BSA modes at the middle (z = 2-3 lm) of the layer. This indicates that BSA molecules are deeply incorporated into the OPSi layer and it may take places over all the pore walls.
It has been reported, that the net charge of BSA and its conformation, strongly depend on its solution pH [37] . The BSA iso-electric point (pI), where the protein is electrically neutral, is between 4.6-4.8 [38] . Thus, the adsorption of BSA molecules on the OPSi surface should be different for various pH (below and above the pI). So, we have studied the BSA pH effect (3, 4.9 and 6.9) on the SERS signal, in the case of unsilanized substrate. The results are reported in Fig. 6 and show high SERS intensities at a pH close to the pI (4.9). So, we can deduce that BSA molecules were easily adsorbed on the substrate surface. In addition, we have obtained a better result for a pH 3 than for a pH 6.9. This could be probably related to the net positive charge of the protein at a pH lower than pI, which improves the interactions with GNP via citrate sodium.
As a proof of the efficiency of our SERS substrate for a pH 4.9, we have also reported in Fig. 6 the Raman signal of 10 -6 M BSA molecules. We can see, clearly, the enhancement of all vibrational modes associated to the protein. In order to estimate the limit of detection (LOD), we have varied the BSA concentration from 10 -6 M down to 10 -8 M and recorded their SERS spectra in the case of unsilanized substrate and for a pH solution equal to 4.9. As it can be seen in Fig. 7 , almost all the vibrational bands are visible even at the lowest concentration. However, the band at 1,730 cm -1 become indistinguishable, thus we assume that the LOD is up to 10 -8 M. This LOD value is four orders of magnitude lower than those obtained by other authors for BSA molecules [9, 27] . This improvement could be related to combined effects of the large surface area of the porous silicon and the small nanoparticles size confined within the pores. Since, the GNP number is low (55 GNP/lm 3 ), it's very difficult to experimentally demonstrate the role of the internal surface of the porous layer.
In the other hand and in the goal to verify the efficiency of our SERS substrate, we have used Rhodamine 6G (R6G) molecules. R6G molecules well known to give a high SERS signal, as the other dyes molecules (crystal violet, cyanine…) [25, 27] . Figure 8 shows the SERS spectrum of R6G at 10 -8 M concentration on unsilanized OPSi substrate. As it can be seen, among the vibrational features, we observed some typical R6G modes at 1,128, 1,198, 1,312, 1,356, 1,503, 1,599 and 1,639 cm -1 corresponding to C-H in-plane bend, C-C stretching, aromatic C-C stretching, C-N stretching, aromatic C-C stretching, aromatic C-C stretching and aromatic C-C stretching, respectively [27] . For comparison, R6G normal Raman spectrum correspond to a 10 -6 M shows just the presence of two vibrational bands located at 1,360 and 1,508 cm -1 with a very low intensity. In our case, the obtained detection limit of R6G molecules is 10 -8 M. Finally, we can conclude that OPSi is a promising SERS substrate for chemical and biological molecules detection at low concentrations.
Conclusion
SERS based porous silicon substrate represents a viable approach for chemical and biological molecules detection. Spherical GNP with small size (5 nm) were used to reveal a significant SERS effect for either BSA proteins and R6G molecules at 10 -8 M concentration. We have obtained a better BSA modes resolution in the case of unsilanized OPSi than the silanized one. Although, it has been noted that silanization allows the improvement of target molecule concentration binding on the surface via stronger interaction and it permits also to obtain an homogeneous SERS signal. In our case, the luck of resolution of BSA modes obtained on the silanized substrate could be explained by the interferences between the vibrational modes of APTES and BSA proteins. Furthermore, we have demonstrated that SERS results depend on BSA pH solution. A strong BSA SERS intensity at pH 4.9, corresponding to the iso-electric point of BSA, was obtained. 
